Perpendicular exchange bias can be established in ferromagnetic/antiferromagnetic multilayers with intrinsic in-plane shape anisotropy through out-of-plane field cooling. The induced anisotropy along the hard axis possesses the same interfacial nature as that after the conventional in-plane field cooling. While the in-plane angular dependence of longitudinal exchange bias can be well described by the uniaxial coherent rotation model, out-of-plane measurements show totally different angular dependent hysteretic behaviors for both longitudinal and perpendicular exchange biases. After taking into account the competitive field cooling induced anisotropy, the thin film shape anisotropy, the three-dimensional coherent rotation model alone can quantitatively explain the observed out-of-plane angular dependent magnetization reversal for both field cooling geometries. Magnetization reversal is found to be accomplished by coherent rotation out of the plane determined by anisotropic axis and applied field. The model is also applicable in predicting the more general thin-film magnetization reversal with out-of-plane applied fields.
I. INTRODUCTION
Coherent rotation ͑Stoner-Wohlfarth model͒ 1 and Kondorsky switching 2 are two of the most used static models that can provide quantitative estimations of magnetization reversal that can be compared to experimental measurements for ferromagnetic ͑FM͒ materials but predict totally different angular dependences of magnetization reversal. The sizeindependent coherent rotation model offers analytical solutions to the switching field and can simulate angular dependent hysteresis loops. Particles with dimensions below the single domain critical size are found to show qualitative agreement with the coherent rotation model; yet size dependent behavior is often observed. [3] [4] [5] In addition, in most of the macroscopic samples, magnetization reversal is often accomplished by complicated domain nucleation and growth, which results in great difficulties in quantifying magnetization during the switching process. 6 Nevertheless, outside the reversal region, coherent rotation model still can provide close estimations to the magnetization since the magnetic moment rotates collectively to a large extent before and after switching.
On the other hand, the Kondorsky model was developed to describe magnetization switching in samples with strong uniaxial anisotropy. In this model, the magnetization reversal is accomplished by the nucleation and growth of 180°do-mains with their moments parallel or antiparallel to the anisotropic axis. The Kondorsky model predicts a 1 / cos ⌰ ͑⌰ is the angle between the applied field and easy axis͒ dependence in the switching field. This angular dependent behavior has been observed in single crystal bulk and thin film samples with strong uniaxial crystalline anisotropy [7] [8] [9] [10] as well as magnetic nanowires with strong shape anisotropy. 11, 12 Angular dependent magnetic hysteresis measurements have been widely adopted in investigating exchange biased FM and antiferromagnetic ͑AF͒ materials induced by field cooling to provide useful information on the magnetization reversal mechanisms. In most of the exchange bias studies, the magnetization hysteresis loops were measured in-plane with respect to the longitudinal field cooling axis. [13] [14] [15] Observations from different material systems demonstrated that the in-plane angular dependence of exchange field ͑H E ͒ and coercive field ͑H C ͒ can generally be fitted by the following relationships:
where is the angle between the applied field and the field cooling direction. When the field induced uniaxial anisotropy and unidirectional anisotropy are considered together with the interactions between FM and AF layers, the uniaxial coherent rotation model can well predict the above mentioned angular dependent exchange bias and coercivity. 17 In these studies, the magnetization reversal is confined in the film plane. The magnetic shape anisotropy energy remains zero for all in-plane directions and does not need to be considered in the uniaxial coherent rotation model. Figure 1 summarizes the experimental observations of the angular dependent exchange field and coercive field in a Cu ͑30 nm͒ FeMn͑8 nm͒ / ͓FeNi͑8 nm͒ / FeMn͑8 nm͔͒ 15 multilayer sample after longitudinal and perpendicular field coolings, respectively. The sample was deposited by magnetron sputtering, and detailed synthesis procedures can be found elsewhere. 18, 19 No external magnetic field was applied during sputtering, but a weak in-plane uniaxial anisotropic axis was introduced in the samples due to the stray field from the sputtering gun. This anisotropy axis was identified and defined as the x-axis. For longitudinal field cooling, the cooling field was applied along this intrinsic magnetic anisotropy axis.
II. EXPERIMENTAL OBSERVATIONS
Angular dependences of H E and H C for out-of-plane measurements after perpendicular field cooling are shown in Fig. 1͑a͒. Figures 1͑b͒ and 1͑c͒ show the in-plane and outof-plane angular dependences of H C and H E after longitudinal field cooling. Due to the same interfacial nature of the longitudinal and the perpendicular exchange bias, H E exhibits a unidirectional symmetry and H C shows a uniaxial symmetry for all three geometries. Although the induced anisotropy energies are comparable for the two field cooling geometries, 18 very different angular dependences were observed. The multilayered sample discussed in the current study shows very similar in-plane angular dependent hysteresis loops as other FM/AF bilayer systems ͓Fig. 1͑b͔͒. 5, 14, 16 The value of H C decreases rapidly when the field is rotated away from = 0 and = , and minimum values of H C exist when the field is perpendicular to the field cooling axis. At the same time, the angular dependence of H E can be well described by a simple cos function, which represents the unidirectional symmetry and is related to the spin structure of the FeMn layer. Angular dependences of H C and H E can be fitted by Eqs. ͑1a͒ and ͑1b͒.
In comparison, the out-of-plane measurements on the longitudinally field cooled multilayers showed a very different magnetization behavior from in-plane measurements. The hysteresis loops not only shift along the H axis due to exchange bias with increasing angle from the film plane but they also become asymmetric with respect to the M axis.
When H C and H E are defined correspondingly to the hysteretic part of the loops ͑not the conventional definition at M =0͒, H E is found to increase with the angle between the applied field and cooling field direction with a ͑1 / cos ⌰͒-like dependence.
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H C also shows a ͑1 / cos ⌰͒-like dependence until ⌰ is close to 90°when it decreases rapidly. Figure 2 shows the representative angular dependent hysteresis loops measured after perpendicular field cooling. In-plane directions remain to be magnetic easy axes. Close to the cooling field direction, the slanted hysteresis loops shift away from the H = 0 axis with exchange bias field. As shown in Fig. 1͑a͒ , when the applied field tilts away from the surface normal, H C increases with the H angle but only in a small range and then gradually decreases to 0 when the field is in the sample plane. On the other hand, H E shows a monotonic decrease with increasing the H angle and most of the drop happens in the low angle region. Different from out-ofplane measurements with longitudinal field cooling, 21 no clear shift along the M = 0 axis in hysteresis loops was observed for the perpendicular field cooled sample.
These observations demonstrate that the field cooling induced anisotropy has the same physical mechanism for both the longitudinal and perpendicular geometries. Yet the magnetization reversal can be very different due to the influences of the demagnetization field. For out-of-plane magnetization 
Representative hysteresis loops measured at different angles after perpendicular field cooling for the FeMn͑8 nm͒ / ͓FeNi͑8 nm͒ / FeMn͑8 nm͔͒ 15 multilayered sample.
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reversal, the strong in-plane FM shape anisotropy actually favors the coherent rotation instead of multidomain formation.
III. MODEL DEVELOPMENT
To quantitatively account for the observed angular dependence of exchange bias under different geometries, analyses based on Stoner-Wohlfarth coherent rotation were developed. It is shown that once the thin film shape anisotropy is considered, coherent rotation model can explain the 1 / cos H type of out-of-plane angular dependence. The coordinates used in the analysis are shown in Fig. 3 . The total magnetic energy per unit area of the FM layer can be written as
where x and ẑ are the unit vectors along the x and z directions, respectively, m represents the unit vector along the magnetization direction, and î is the unit vector along the field cooling direction. K u , K E , and J E represent the intrinsic magnetic anisotropy energy, field induced uniaxial anisotropy, and field induced unidirectional anisotropy, respectively; t F and M s are the ferromagnetic layer thickness and the magnetization of FeNi, respectively. Because every FM layer was sandwiched between two AF layers in the multilayer structure, a factor of 2 is included in the second and third terms of the equation. The first term in Eq. ͑2͒ defines the intrinsic in-plane anisotropy determined by film thickness, microstructure, and processing. The second and third terms define the field cooling induced uniaxial anisotropy and unidirectional anisotropy, respectively. The fourth term represents the Zeeman energy and the last term describes demagnetization energy due to the thin film anisotropy. H defines the angle between the applied field and +z direction. defines the angle between magnetization and the +z axis and is used to describe the angle between magnetization projection on the xy plane and +x ͓Fig. 3͑a͔͒. In the calculation, the effects of the AF layer are not considered. The coherent model described by Eq. ͑2͒ can account for all three measurement geometries. For in-plane angular dependent measurements after longitudinal field cooling, î and x are along the same direction; external field H and magnetization M remain in the xy plane. The last term in Eq. ͑2͒ becomes zero and the conventional in-plane exchange bias as described in Ref. 2 can be derived.
Now the out-of-plane angular dependence of perpendicular exchange bias will be discussed and compared to experimental observations. The following parameters can be defined:
whereH CT0 is the in-plane coercivity measured along the x direction, H CP0 is the perpendicular coercivity measured along the y direction, H E0 is the perpendicular exchange field along the y direction, and H D0 is the perpendicular demagnetization field. Based on these parameters, Eq. ͑2͒ can be expressed as follows: 
The solution for Eq. ͑6͒ is as follows:
Because of the complexity of trigonometric function and the solution dependence on the applied magnetic field history, no analytical form correlating the measured magnetization M cos and the applied field H can be directly derived. Here the numerical solutions will be discussed based on the analyses of angular dependent free energy in determining the magnetization switching field.
IV. RESULTS
To illustrate the developed model, following parameters are used for the purpose of discussion: H E0 = 100 Oe, H D0 / 2+H CP0 = 4500 Oe, and H CT0 = 100 Oe. Based on Eq. ͑4͒, the system free energy can be calculated in terms of magnetization and external field. Figure 3͑b͒ shows the calculated energy under the zero applied field as a function of magnetization determined by and ␣. Two local energy minima exist at ␣ = 0°and 180°, as determined by Eq. ͑8͒, which indicates that the magnetization remains in the xz plane with zero external field. This can be seen clearly in Fig. 3͑c͒ as the bottom of the energy surface is magnified. At the same time, Eq. ͑9͒ defines the position of the saddle point, which acts as an energy barrier along the ␣ angle. Figure 3͑b͒ also demonstrates that the energy barrier along the ␣ angle is much lower than that along the angle, which corresponds to a much easier magnetization rotation out of the xz plane. Now consider the magnetization reversal process and corresponding hysteresis loops with an out-of-plane applied field at H = 60°. Figures 3͑c͒, 1, and 3͑d͒ summarize the free energy plot with H = 1000, 116, 0, −116, and −1000 Oe, respectively. Based on a previous discussion it can be seen that Eqs. ͑7͒-͑9͒ determine the energy extremes. With initially large positive external fields, only one global energy minimum can be determined with ␣ equal to 0°. No saddle point can be identified since there is no solution to Eq. ͑9͒. Magnetization will remain in the xz plane with a angle close to 
͑Color online͒ ͑a͒ Schematic illustration of the out-of-plane magnetization measurement geometry. x is the unit vector along the intrinsic anisotropy axis, H is the applied field, î is the field cooling direction, and m is the unit vector along the magnetization direction. ͑b͒ Zero field free energy plot with respect to different magnetization orientations determined by and ␣. ͑c͒ Calculated hysteresis loops with H = 60°and representative angular dependent system free energy at H = 1000, 116, 0, −116, and −1000 Oe ͓͑c1͒-͑c5͔͒.
H . When the external field is decreased to a value where Eq. ͑9͒ has a solution, the second derivative of E with respect to ␣ will become zero and ␣ = 180°becomes a saddle point. Below this field, the saddle point moves toward ␣ = 0°with decreasing external field and two local energy minima can be found at ␣ = 0°and 180°, respectively. However, the magnetization remains at ␣ = 0°due to the energy barrier until the saddle point moves to ␣ = 0°. Now the local minimum at ␣ = 0°disappears and magnetization will switch to ␣ = 180°. As soon as the field goes below this switching field, only one global minimum can be found, corresponding to ␣ = 180°. In other words, the appearance of saddle points at ␣ = 0°and 180°determines the magnetization switching fields as Eq. ͑9͒ only has a solution in between the switching fields. The switching field needs to satisfy the following necessary and sufficient condition:
Considering the predetermined ␣ to be equal to 0°or 180°, the following two equations based on Eqs. ͑5͒ and ͑10͒ can be used to calculate the magnetization switching field: Figures 4͑a͒ and 4͑b͒ show the calculated angular dependences of H S and H E . The angular dependence of H S shows a correlation very close to 1 / cos ⌰. Actually the 1 / cos ⌰ dependence corresponds to an infinite thin film shape anisotropy, which will confine the magnetization to rotate and switch in the film plane. H E decreases very fast when rotated away from the cooling field direction, which is consistent with experimental observations. Figure 4͑c͒ shows the representative hysteresis loops at 0°, 2°, 8°, 30°, and 60°when perpendicular field cooling is considered. It should be pointed out that with lower H values, magnetization switching happened after it crosses the m = 0 axis, so the conventional definition of coercive field using field at m = 0 is different from the half-width switching field of ͑H S+ − H S− ͒ / 2 defined in this report. This can explain the decrease in measured conventional coercivity at angles close to the perpendicular axis, as shown in Fig. 1͑a͒ .
Out-of-plane angular dependent hysteresis loops after longitudinal field cooling have also been analyzed by this coherent model when the field cooling induced anisotropy aligns with the x axis. Figures 4͑d͒ shows that the calculated hysteresis loops also agree very well with the experimental observations 20 ͑H E = 250 Oe, H C = 100 Oe, H D / 2 = 5000 Oe͒.
V. CONCLUSION
In summary, angular dependent exchange bias has been studied for both longitudinal and perpendicular field coolings for different applied field directions. The in-plane hysteretic behavior can describe the uniaxial anisotropic coherent rotation model. The angular dependences of the out-of-plane measurements for both longitudinal and perpendicular field coolings exhibit a very different quantitative behavior from the in-plane observations. To account for the observed angular dependence quantitatively, an analytic coherent rotation model including the induced anisotropy and thin film shape anisotropy has been developed. Most of the time the sample magnetization is confined in the plane determined by the in-plane anisotropic axis and film normal; however, the magnetization switching can be accomplished by coherent rotation out of this plane. This coherent rotation model can quantitatively explain the experimental measurements of out-ofplane magnetic behaviors of the exchange biased films after longitudinal or perpendicular field cooling. 
